In the landscape, loss of interveinal tissue in developing leaves (leaf tatters) is common for white oak (Quercus alba L.), but not northern red oak (Quercus rubra L.). Previous research identified the cause of leaf tatters, as exposure of unfolding leaves, to low concentrations of chloroacetanilide herbicides. Both white oak and northern red oak were injured by these herbicides at the leaf unfolding stage. Reports from landowners suggest white oak is injured more often than red oak, leading us to theorize that white and northern red oak leaves emerge at different times, and white oaks were more likely to be at the leaf unfolding stage when chloroacetanilide herbicides are applied. A study of comparative leaf phenology of white and northern red oak was done at three sites in Urbana, IL. Identifying oak pairs was challenging, and at each location, four to six paired mature white oak and northern red oak trees were used to observe phenological events. Key development stages (swollen bud, leaf unfolding, or fully expanded leaf stages) were considered to have occurred when reached by greater than 50% of the canopy. Northern red oak expanded leaf stage occurred earlier when compared to white oak. Time between phenological events was similar for both species. Although northern red oak leaves emerged earlier, there was a range of emergence times within short distances. Difference
between locations illustrates the problem in predicting tree phenology even among populations a few kilometers apart. Leaf phenology alone does not explain leaf tatters, and other factors including distribution differences in oak species must explain landowner observations of tree injury. There was a strong correlation between growth phases of the two oak species with cumulative growing degree days, cumulative rainfall, and day length.
Keywords: Quercus alba; Quercus rubra; herbicide drift; leaf unfolding stage
Introduction
Previous research found that loss of interveinal tissue (leaf tatters) is caused by exposure of white or northern red oak seedlings to low concentrations of chloroacetanilide herbicides, at the leaf unfolding stage [1, 2] . Swollen bud and expanded leaf stages are not susceptible to chloroacetanilide herbicides. Chloroacetanilides strongly inhibit the synthesis of very-long chain fatty acids (VLCFA) of C20, 22, and 24 [3] . VLCFA (C20 to C34) are essential for derivation of plasma membranes, and predominant cuticular wax constituents such as primary and secondary alcohols, aldehydes, alkanes, ketones, and esters [4, 5] . Direct consequences lead to loss of cell integrity, and plant death.
In controlled studies, northern red oaks were slightly more susceptible to chloroacetanilides than white oaks [2] . Interestingly, in the landscape, leaf tatters are observed more consistently on white oak when compared to northern red oak. In the Midwestern U.S., farms, woodlands, and residential dwellings are often intermingled and in close proximity to agricultural fields, possibly contributing to leaf tatters injury. Oaks of all ages are affected by leaf tatters. Tatters can affect part of, or the whole canopy, resulting in a decline in aesthetic value of the oaks, and also possibly making trees susceptible to other stresses. Oaks affected by leaf tatters one year may or may not be affected by tatters in subsequent years.
Trees and shrubs native to temperate zones undergo rhythmic changes in growth and dormancy that are synchronized and controlled by seasonal changes, including day length and temperature [6] . Phenological or life cycle events reflect differences in adaptive strategies of a species to exploit favorable periods, and to allocate photosynthetic products for growth and reproduction [7, 8] . For northern hardwood species, leaf phenology also may be important for shade tolerance [9] . Microclimatic conditions and rainfall influence phenological development [10] . An understanding of the seasonal behavior of trees is of great importance to nurserymen, landscapers, entomologists, ecologists and plant physiologists [11, 12] , and for guiding timing of herbicide applications.
Phenotypic variation may affect oak developmental timing and response to herbicides. Red and white oaks are propagated from seed, and likely are genetically diverse. Genetic or phenotypic variation of red and white oak have not been reported in the literature, but phenotypic variation occurs in other oak species. Previous studies observed variation in herbicide response within oak species [1, 2] . Phenological differences among individual trees, and among populations of Valonia oak (Quercus ithaburensis Decne) in northern Israel, have been attributed to genetic variation [13] . In France, genetic variation among individual trees of Holm oak (Quercus ilex) was reported [14] . Phenological differences between individual trees of English oak (Quercus robur L.) were also pronounced and consistent [15] .
Variation in timing of leaf opening between species within years, and between years for some species, is not uncommon [16, 17] . Individual variation in tree phenology can be attributed in part to physical differences among sites such as neighboring vegetation, and effects of animals [18] . Phenological development may have to be quantified for individual populations of oaks if used to time herbicide applications.
We hypothesize that phenology of white and northern red oak leaf emergence differs, and white oaks are more frequently at a susceptible growth stage when adjacent agricultural fields are treated with chloroacetanilide herbicides. Objectives of this study were to: (1) determine relative timing of white and northern red oak development from swollen buds to the fully mature leaf stages; (2) determine if susceptibility of white oak to leaf tatters in the landscape is related to leaf phenological development; (3) and correlate the phenological events of white and red oak to a degree day model, day length, and cumulative rainfall.
Experimental Section
A comparative leaf phenology study of white and northern red oak was done at three sites in Urbana, IL: the University of Illinois Arboretum (40°05ꞌ49.29ꞌ N, 88°13ꞌ01.55ꞌꞌ W, elevation 226 m), Crystal Lake Park (40°07ꞌ14.90ꞌ N, 88°12ꞌ44.62ꞌꞌ W, elevation 215 m), and Illini Grove (40°07ꞌ51.96ꞌN, 88°08ꞌ44.32ꞌꞌ W, elevation 212 m). All of these sites, although not adjacent to a field, are within a distance of 8 to 11 km from grower fields. The University of Illinois Arboretum, established in 1990, has 4 ha of naturalized woodland with 0% to 5% slope, and soil is composed of 58% Dana silt loam, 24% Drummer silty clay loam, and 18% Flanagan silt loam [19] . This site has a varied collection of hardwoods and conifers. The 36 ha Crystal Lake Park, established in 1907, is an old recreational park in Urbana, and includes 24 ha of wooded area. Land at this site has a 0 to 2% slope, and is composed of predominately Sawmill silty clay loam soil. Illini Grove, a 2 ha area, was established in 1868 for studies in forestry, by the University of Illinois. It contains a mix of mature oaks (Quercus spp.), hickory (Carya spp.), and larch (Larix spp.). Soil at this site is a 95% Catlin silt loam, and the land has a 2 to 5% slope. All of these sites were chosen for the presence of mature, native, mixed stands of white oak and northern red oak in urban and semi-urban areas, and the ability to view the entire canopy of the trees. Proximity of these sites to the university ensured regular observations of phenological development.
Tree Characterization
At each site, a white oak tree was paired with a northern red oak tree. Canopy width, the diameter at breast height (dbh-measured at 1.4 m height), and the tree height, were taken into consideration when determining a pair. At all locations, distance between the white and northern red oak forming a pair were measured, and ranged from 8.0 to 30.8 m. When selecting a pair, we minimized differences in height and dbh between the two oak species. A linear Lufkin Nubian tape (Forestry Suppliers Inc., Jackson, MS, USA) was used to measure dbh, and tree heights were measured using a Suunto clinometer (Suunto Instruments, Forestry Suppliers Inc., Jackson, MS, USA). Phenological observations were made on four pairs of oaks at the Arboretum, five pairs at Crystal Lake Park, and six pairs at Illini Grove.
Phenological Development
Observations were made every 3 to 4 d beginning 11 April in 2006, and 26 March in 2007. We recorded occurrence of 50% swollen bud, 50% leaves unfolding, and 50% fully expanded leaf growth stages for the canopy [20] . These events were expressed in Julian days. When tree canopy showed greater than 50% leaves unfolding, observations were stopped. Trees were viewed each time from the same position in the landscape. Viewing positions were chosen so the entire or most of the tree canopy was visible. When observation date preceded or exceeded the date of a phenological event, the date was extrapolated [13] . Duration between these phenological events were termed phenological phases and were expressed in number of days; from 50% swollen buds to 50% leaves unfolding (phase 1) and from 50% leaves unfolding to 50% fully expanded leaves (phase 2). An oak in phase 2 is highly susceptible to leaf tatters.
Climate data (daily maximum, minimum, and average temperatures; day length, cumulative precipitation) were used to identify environmental conditions during phenological events, and explain differences between years. Climatic measurements were from the Illinois Water Survey weather station at 40°05ꞌ02.85ꞌꞌ N, 88°14ꞌ27.94ꞌꞌ W (approximately 3 km east of the Arboretum). Phenological data were correlated to the climate data to determine possible associations.
Data Analysis
Mean tree heights and dbh for white and red oak at each location, were subject to paired t-test at alpha = 0.05 (Table 1) . Experimental design of the study was a repeated measure with locations, species, growth stage, and years as factors. The species were the treatments in the study (between subject factors). The three growth stages (within subject factor) were the repeated measure, and individual trees were the replications. Replications, i.e., individual trees, were nested within location and species. Data were analyzed with PROC MIXED in SAS (release 8.02; SAS Institute Inc., Cary, NC, USA) looking at the significance of the four-way interaction first, and the three-way interactions, in the event, the four-way interactions were not significant. Letters for mean separation were assigned using a macro "PDMIX 800" [21] . Compound symmetric, autoregressive, and unstructured covariance were compared, and unstructured covariance produced the best fit. An asterisk indicates that mean height and dbh, for white and red oak forming a pair, were significant at p ≤ 0.05, using paired t-test.
Phenological stages were related to climate conditions (degree-day, cumulative rainfall, and day length) using Pearson product-moment correlation coefficient (r) in SAS.
Effect of degree days was determined using the equation:
where Tmean is the average daily temperature, and Tmin was the minimum growth temperature. Minimum temperatures for growth were 4 °C for northern red oak, and 1 °C for white oak [22] .
Results and Discussion

Tree Characterization
Despite our efforts to minimize differences in height and dbh, mean height and dbh of red oak trees was greater compared to white oak trees, at the Arborteum (Table 1 ). For the other two sites, there were no differences in dbh and mean heights between the two oak species.
Phenological Development
Location, species, and growth stage interacted to affect leaf phenology. Swelling of buds occurred at the same time. At Crystal Lake Park and Illini Grove, northern red oak leaf unfolding and expanded leaf stages occurred earlier compared to white oak (Table 2) . At the Arboretum, only the expanded leaf stage occurred earlier on northern red oak compared to white oak. The difference between locations illustrates the problem in predicting tree phenology even among populations 3 km apart. Site and tree differences chronologies were previously found for red and white oak [23] . The leaf unfolding stage is the most susceptible stage to chloroacetanilides. The leaf unfolding stage occurred earlier on northern red oak when compared to white oak (Table 3) . Thus, the northern red oak trees are in the chloroacetanilide-susceptible leaf unfolding stage and enter the tolerant expanded leaf stage earlier when compared to white oak. Pre-emergence applications of chloroacetanilide herbicides are applied to corn and soybeans over an extended period of time. Small differences in developmental timing probably do not fully explain field observations of less injury of northern red oak compared to white oak. Range, location, and proximity to agricultural fields may play a role too. Distribution range of northern red oak is more northern when compared to white oak, and it is less common in the Corn Belt [11, 23, 24] .
Differences in phenological events between years relates to environmental conditions. In 2007, warmer air temperatures in the 80 to 90 Julian d period promoted earlier bud swelling, when compared to 2006 (Figure 1 ; Table 3 Advancement of northern red oak to the expanded leaf stage occurred earlier when compared to white oak (Table 3) . Duration phases between phenological events were, however, similar for the two oak species (Table 4) , with the only exception in 2006 when the duration of phase 2 lasted a greater number of days on white oak than on northern red oak at the Arboretum. Development of leaves on northern red oak trees was mainly synchronous across the canopy in both years at all sites. There was greater occurrence of asynchronous development of white oak across two sites in 2007, which could be related to the fluctuating temperatures during the observational period that year. Means with the same letter across and down all columns, for each location, are not significantly different at p ≤ 0.05 using PROC MIXED.
Phenological leaf development of red and white oak was positively and significantly correlated with growing degree days and day length (Table 5) . Growth-climate correlations were strongest during May-July periods for four oak species (Quercus spp.) at sites distributed across central and eastern North America [26] . In temperate and boreal zones, timing of leaf phenological events has been correlated to temperature and photoperiod, with many models using these parameters to predict leaf onset [27] . Significant correlations were found between spring temperatures and leaf unfolding in sessile oak (Quercus petraea (Matt.) Liebl.) [27] . A strong correlation was found between sum of growing degree days and leaf and shoot growth in a temperate tree species, Chilean hazelnut (Gevuina avellana Mol) [28] , between day length and leaf phenology in the tropical species Ficus obtusifolia [29] , and between leaf phenology of trees in the Atlantic forests and day length and temperatures [30] . The correlation of the expanded leaf stage development and rainfall was not as strong in 2007. A correlation between rainfall and growth development varied between species in dry tropical forest in southeast Brazil [31] . Table 5 . Correlation between different growth phases of white and red oak species with cumulative growing degree days, cumulative rainfall, and day length. 
Conclusions
In this study, we wanted to determine if leaf phenology could be linked to occurrence of leaf tatters in the landscape. Although leaf tatters was not found in any of our subject trees, our observations indicate that earlier emergence of red oak in the landscape may play a role in preventing tatters. Other factors such as environment and species distribution in the landscape could be influential in explaining the occurrence of leaf tatters on white oak. For example, under wet soil conditions, pre-emergence herbicide applications may not be possible and the timing of herbicides is delayed. However, oak leaf development would continue to advance during that time period, and trees might become more tolerant to the herbicides as the leaf growth stage advances. It is possible that white oaks are more prevalent along the farm margins resulting in a more common occurrence of leaf tatters in the landscape. To gain better understanding of the correlation between leaf phenological differences of the two species, and leaf tatters occurrence in the landscape, a multi-year phenology study of oaks at multiple sites across the Midwestern States would be required. Conducting such a study would be very challenging. At each of these sites, the main challenge lies in identifying suitable pairs of white and northern red oaks to form adequate replicates. Multiple observers would also be needed to observe phenological development at various locations.
